Introduction
============

The delivery of DNA-encoded vaccine antigens is a promising vaccination strategy that offers several advantages over traditional vaccine methods. Plasmid DNA production can be both rapid and cost effective, and the product may not require cold chain. Because of the plasticity of DNA-based constructs, a plasmid can be specifically designed to code for any known antigen as long as the sequence of the pathogen is known. Unlike viral vector platforms, there is no vector-acquired immunity. This permits repeated administrations of plasmid DNA vaccines to boost immunity, without the requirement to re-engineer the construct for each vaccine. Before the employment of electroporation (EP) as an enabling technology, the success of DNA vaccines has historically been limited because transfection efficiency is poor following simple injection of naked DNA. Overcoming this barrier by increasing the dose is impractical when scaling up to larger animals and humans, and several clinical trials in the past utilizing protocols based on injection of naked plasmid DNA failed to replicate the promising preclinical data.^[@bib1],\ [@bib2],\ [@bib3]^ To overcome these delivery limitations, the physical application of EP has been established as a key enabling technology for the *in vivo* delivery of plasmid DNA vectors for vaccination.

To perform *in vivo* EP, brief electrical pulses are applied at the site of drug injection, causing transient permeability of cell membranes because of the electric field generated in the targeted tissue. This permeability allows up to 1000-fold increases in transfection efficiency.^[@bib4],\ [@bib5]^ DNA vaccines delivered using EP can lead to antibody responses comparable to leading viral vectors.^[@bib6],\ [@bib7],\ [@bib8]^ Furthermore, EP-enhanced DNA vaccines have been shown to drive strong cellular immune responses in large animals and humans that can be essential for vaccines against chronic infections and for cancer immunotherapies.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ Recently, a therapeutic DNA EP vaccine for human papilloma virus was shown to be effective at reducing or eliminating the precancerous lesions and viral loads in patients with human papilloma virus-related cervical intraepithelial neoplasia.^[@bib13]^ This was the first randomized controlled trial demonstrating the clinical efficacy of an EP-enhanced DNA vaccine.

Traditionally, EP-enhanced DNA vaccinations are performed intramuscularly (IM-EP) using needle electrodes that are inserted and pulsed at the injection site. Alternatively, intradermal EP (ID-EP) is a less invasive procedure than IM-EP because of shallower penetration and smaller-gauge needles required, and can also promote a potent humoral and cellular immune response.^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^ IM-EP is an invasive procedure, but is capable of delivering large volumes of DNA (∼1 ml) and generating long-term gene expression, whereas ID-EP delivers smaller volumes (∼50--100 μl) but targets a more accessible tissue enriched with resident immune cells.

Clinically, the subcutaneous injection route is popular because it is generally more tolerable than intramuscular injection, technically simple to administer and suitable for efficacious delivery of many drugs, including biologics and vaccines.^[@bib18]^ Therefore, as an alternative to IM-EP and ID-EP, we sought to investigate subcutaneous adipose tissue as a potential target for EP-enhanced plasmid DNA vaccine delivery by developing a noninvasive adipose-EP method and evaluating its gene expression and immunogenicity. Adipose, or fat, tissue is present in a layer dividing the skin and skeletal muscle. Adipose tissue is a loose connective tissue composed predominantly of adipocytes held together by extracellular matrix proteins. The primary role of fat is to store energy in the form of lipids and act as a cushion to insulate the body. However, far from being an inert storage tissue, adipose has also been shown to be a major endocrine organ, responsible for hormone production and secretion.^[@bib19],\ [@bib20]^ In addition, fat also has immune-modulatory functions, and recent research has shown that macrophages within adipose tissue, or even adipocytes themselves, can function as antigen-presenting cells.^[@bib21],\ [@bib22]^ In the case of EP-enhanced drug delivery, subcutaneous adipose tissue can act as an electrical barrier that must be physically bypassed using needle electrodes for IM-EP, and has historically been ignored as a potential target tissue for these treatments. ID-EP DNA vaccinations have been shown to transfect some adipocytes within the hypodermis, but the predominant transfected cell types for these treatments are in the dermis and epidermis.^[@bib23]^ To date, the role that adipose tissue itself plays in DNA vaccines remains unexplored. The motivation of the present study is to evaluate a new method of DNA EP vaccination that preferentially targets adipocytes within subcutaneous fat tissue. First, finite element analysis was used to demonstrate that noninvasive plate electrodes can be used to generate electric fields within subcutaneous adipose tissue in a highly specific manner compared with invasive needle EP. Next, a guinea pig model was used to evaluate spatial distribution of transfected adipocytes and kinetics of gene expression within adipose tissue following noninvasive adipose-EP. Finally, the humoral and cellular immunogenicity of several adipose-EP protocols was compared with ID-EP in guinea pigs.

Results
=======

Finite element analysis
-----------------------

In a bid to understand the electrical properties of adipose tissue from an EP perspective, finite element analysis was carried out to quantify the predicted electric field distribution within each tissue type of interest (in this case, skin, muscle and adipose) using the two electrode designs---needles within flat tissue and plates around folded tissue---illustrated in [Figure 1](#fig1){ref-type="fig"}, using a 200 V excitation in both cases. Standard needle electrodes resulted in an electric field gradient distributed equally through skin, adipose and muscle ([Figure 2](#fig2){ref-type="fig"}, top), with the strongest electric fields at the electrode surface. In comparison, plate electrodes generated a more uniform electric field almost exclusively within adipose tissue ([Figure 2](#fig2){ref-type="fig"}, bottom), with comparatively small electric fields in skin and muscle. Needle electrodes were predicted to provide field strengths higher than 350 V cm^−1^ to 12--14% of each tissue, and fields lower than 150 V cm^−1^ to approximately half of treated tissue. Plate electrodes were predicted to produce electric fields between 150 and 350 V cm^−1^ in 95% of the treated adipose tissue. Meanwhile, muscle received no electric field above 100 V cm^−1^ and 87% of skin received less than 150 V cm^−1^ using the plate electrode design. Based on the results of these simulations, subsequent adipose-EP experiments utilized plate electrodes with voltages up to 200 V.

Dye injection studies
---------------------

Although the fluid dynamic properties of a bolus IM or ID injection are well characterized, the distribution of a fluid within *in vivo* subcutaneous fat was less clear. In addition, the impact of the physical effect of compressing the injection site between plate electrodes was unknown. To investigate these dynamics, dye injection studies were carried out in guinea pigs to allow visualization of the distribution of injected fluid within fat. After subcutaneous injection and squeezing between calipers, dye was visible within intact fat pads as an elongated bolus shape ([Figure 3a](#fig3){ref-type="fig"}). Upon dissection, dye appeared primarily within the collagenous septa dividing adipose lobes ([Figure 3b](#fig3){ref-type="fig"}). The blue stain was retained within the fat pad, with little or no stain present in the overlying skin or the underlying muscle (not shown). We performed the same dye analysis using multiple injection sites with the objective of increasing the distribution of DNA throughout the adipose tissue. When five separate 50 μl dye injections were performed and then clamped between electrode plates, five individual dye sites remained visible, although some were more prominent than others ([Figure 3c](#fig3){ref-type="fig"}). When dissected, each individual injection sites possessed similar dye distribution within the adipose tissue, with dye concentrated along the collagenous septa (not shown).

*In vivo* transfection of adipocytes
------------------------------------

To assess the *in vivo* expression of a reporter construct in adipose tissue, 50 μg of plasmid coding for green fluorescent protein (GFP) was injected into guinea pig fat pads and electroporated with voltages ranging from 50 to 200 V using noninvasive plate electrodes as described in 'General adipose-EP treatment procedure' section. The treatment site and EP clamping procedure is shown in [Figure 4](#fig4){ref-type="fig"}.

At 3 days after performing these treatments, intact fat pads were removed and imaged at the gross tissue level. No GFP expression was detected in animals receiving plasmid injection without adipose-EP ([Figure 5a](#fig5){ref-type="fig"}). In adipose-EP-treated fat pads, GFP was expressed exclusively at the injection site within the subcutaneous fat pads in a region ∼5--10 mm in length and 1--2 mm across, and there was no visible difference in signal area or intensity between the EP voltages tested ([Figures 5b--e](#fig5){ref-type="fig"}). At the microscopic cellular level, adipocytes were distinguished by their large diameter (50--100 μm) and characteristic globular shape because of the lipid droplet occupying the center of the cell volume ([Figures 5f and g](#fig5){ref-type="fig"}). The fat pads of guinea pigs receiving adipose-EP possessed numerous GFP-expressing adipocytes that were easily distinguishable by their sharp fluorescent outline. In addition, there were regions of strong, diffuse autofluorescence located in the extracellular space between adipocytes, and the collagen septa were also prominently fluorescent. In guinea pigs receiving plasmid DNA injection without adipose-EP, there were no detectable GFP-expressing adipocytes or regions of high autofluorescence, and the collagen septa were visible, but less prominent.

Further histological analysis was performed to visualize the distribution of reporter construct through the depth of the fat pad. Again, the strongest and most abundant GFP signal was localized to adipocytes adjacent to the collagenous septa dividing the adipose lobes ([Figure 6](#fig6){ref-type="fig"}, right). No GFP was detectable in the overlying skin layer (not shown). Gene expression was detectable several millimeters deep into the fat, and was generally consistent with fluid distribution observed in dye injection studies.

High-resolution confocal images revealed that GFP was expressed in a distinct punctate manner surrounding each transfected adipocyte ([Figure 7](#fig7){ref-type="fig"}). GFP expression was not associated with the numerous nuclei surrounding and in between the adipocytes that are indicative of a smaller, secondary cell population within adipose. This population is known to include preadipocytes, fibroblasts and endothelial cells.

Gene expression kinetics and histological analysis
--------------------------------------------------

To investigate the kinetics of reporter construct expression in an adipocyte population, guinea pig fat pads were removed, sectioned and analyzed at defined time points following 200 V adipose-EP using noninvasive plate electrodes. Gene expression was measurable as early as 24 h following adipose-EP treatment, and expression was sustained throughout the 60 days monitored ([Figure 8](#fig8){ref-type="fig"}, top). Qualitatively, there was no clear difference in the intensity or distribution of the GFP fluorescence over the first 7 days. The signal appeared more diffuse beginning at day 14, and even weaker and more diffuse at day 60. Each distinct site of GFP expression was on the order of 10 mm in diameter.

Histological changes following adipose-EP, as observed through hematoxylin and eosin staining of adipose sections, were noticeable beginning at day 3, continued through day 14 and appeared to mostly resolve by day 60 ([Figure 8](#fig8){ref-type="fig"}, bottom). No detectable difference in tissue physiology at 3 h (not shown) or 24 h post treatment was observed. At these early time points, adipocytes were well defined, lipid storage droplets were identifiable as empty voids and collagenous septa were visible because of darker eosin staining and numerous nuclei. Beginning at day 3 and persisting through the length of the 60 days of observation, collagenous septa at the treatment site were noticeably more prominent, likely because of the visualization of large numbers of nuclei from infiltrating cells. In regions where the collagenous septa were more prominent, the extracellular space around adipocytes became populated with higher numbers of cells as well. These histological changes were most prominent between 3 and 7 days post treatment. By 60 days post treatment, cellular infiltration into the extracellular space was mild and the cell density within the collagenous septa was still elevated, but less pronounced.

Humoral immunogenicity
----------------------

Although expression of reporter gene constructs in adipose tissue was an extremely promising observation, the applicability of this technology for DNA vaccination would only be relevant if that expression was able to drive an immune response. To assess this, guinea pigs were immunized with a construct expressing the influenza A nucleoprotein (PR8) antigen using adipose-EP, with ID-EP for comparison, and binding titers were measured using enzyme-linked immunosorbent assay (ELISA). The adipose-EP experimental groups included high-voltage EP with 1 injection site (HV-1), high-voltage EP with 5 injection sites (HV-5), low-voltage EP with 1 injection site (LV-1) and low-voltage EP with 5 injection sites (LV-5). All guinea pigs received the same total DNA dose.

HV adipose-EP and ID-EP resulted in similar antibody response kinetics and magnitude, but LV adipose-EP treatments resulted in highly variable and generally lower antibody responses compared with HV adipose-EP or ID-EP ([Figures 9a--c](#fig9){ref-type="fig"}). Within HV adipose-EP, 5 injections appeared to generate faster onset of immune response than a single injection site. For LV-treated adipose-EP guinea pigs, there were guinea pigs in both groups that had low or nondetectable titers throughout the study. There were main effects of voltage (F(1, 99)=65.16, *P*=1.68 × 10^−12^), time (F(1, 99)=5.32, *P*=0.023) and number of injection sites (F(1, 99)=4.47, *P*=0.037) on titers of animals receiving adipose-EP. There was no significant interaction between any of these factors.

Because voltage appeared to have a stronger effect upon adipose-EP titers than number of treatment sites, grouped analysis was performed to compare the immunogenicity of ID-EP, HV adipose-EP and LV adipose-EP ([Figure 9b](#fig9){ref-type="fig"}). There were main effects on titers due to both treatment group (F(2, 122)=43.31, *P*=6.13 × 10^−15^) and time (F(2, 122)=7.20, *P*=0.0083), with no interaction (F(2, 122)=0.035, *P*=0.97). Although not necessary because of the lack of interaction, simple main effects analysis was also performed. This analysis indicated that the titer difference between HV and LV adipose-EP treatments was significant from week 6 onward (0.00048\<*P*\<0.018). ID-EP also provided generally higher titers than LV adipose-EP from week 6 onward (0.013\<*P*\<0.092), and there was no difference in titers between HV adipose-EP and ID-EP at any time point (0.93\<*P*\<1).

Cellular immunogenicity
-----------------------

The results from the above study demonstrated the ability of delivery of a DNA vaccine, delivered into adipose tissue via EP, to induce robust humoral responses. To investigate the cellular arm of the immune response, Enzyme-Linked ImmunoSpot (ELISpot) was performed on peripheral blood from immunized guinea pigs. HV-1 (*n*=3), HV-5 (*n*=2) and ID-EP (*n*=2) had fewer replicates as a result of low viable cell counts. Because of the low number of replicates for this assay, we were most interested in observing trends, and although we present statistical analysis, we caution against interpretations of significance.

All vaccinated guinea pigs produced interferon-γ in response to all three peptide pools, as well as Concanavalin A (not shown). Peptide pool 1, which was the most immunogenic, was used for further analysis ([Figure 10](#fig10){ref-type="fig"}). Spot counts appeared similar between ID-EP and HV adipose-EP groups, and trended lower for LV adipose-EP, with LV-1 in particular appearing to elicit the weakest cellular immune response. Within adipose-EP treatment groups, factorial analysis of variance (ANOVA) revealed no significant difference in log-transformed spot counts for voltage (*P*=0.15) or number of injection sites (*P*=0.26), and there was no interaction between these two factors (*P*=0.39). One-way ANOVA comparison of all treatment groups, including ID-EP, showed no significant difference in log-transformed spot counts (*P*=0.31).

Discussion
==========

Historically, the majority of *in vivo* EPs, both preclinically and clinically, have been performed in skeletal muscle. The combination of DNA delivery with IM-EP has led to a strong body of data demonstrating the capability of the technology to significantly enhance the uptake of DNA to mammalian cells *in vivo*, vastly improve the resulting immune responses and most importantly induce clinical efficacy through disease regression. However, IM-EP, although highly applicable for specific disease targets, remains an invasive procedure associated with some transient pain.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ In a bid to address these challenges, significant advances have recently been made in the optimization of EP devices targeting skin.^[@bib25],\ [@bib28]^ These advances have led to improvements in the invasiveness, the tolerability and the overall general acceptability of EP technology as a prophylactic vaccination solution.

In this study, we extend that conceptual development by investigating adipose as a target tissue for EP-enhanced DNA vaccination. Adipose tissue has typically been viewed as an inert organ of lipid storage. However, adipose as a target tissue for EP and DNA vaccination may possess favorable characteristics compared with skin and muscle. Although all humans have subcutaneous fat, Western populations, who are severely impacted by obesity rates, have a somewhat unlimited and highly accessible number of treatment sites,^[@bib29]^ whereas their skeletal muscle is correspondingly more difficult to access. Adipose tissue has low levels of innervation,^[@bib30]^ leading to a potentially more tolerable EP treatment site. Adipocytes are long-lived cells, and the low turnover rate permits persistence of expressed signal.^[@bib31]^ Because of their paracrine and endocrine functions, adipocytes are able to produce and secrete proteins at high levels.^[@bib20],\ [@bib32],\ [@bib33]^ And finally, although this has only recently been investigated, subcutaneous fat appears to play an immunomodulatory role, with significant number of immune cells residing in fat tissue and adipocytes themselves possessing the ability to act as antigen-presenting cells.^[@bib21],\ [@bib22]^

When evaluating these stand-alone observations together, it made sense to investigate adipose as a possible target for EP-enhanced DNA vaccination. Although others have investigated EP in fat tissue to visualize protein production, they utilized an invasive technique requiring the surgical opening of skin flaps to expose the underlying subcutaneous fat, and then placed the electrodes directly onto the adipose tissue.^[@bib34]^ The authors believe that this is the first documentation of a noninvasive, clinically applicable technique demonstrating the relevance of adipose as a target tissue for DNA-based immunizations.

Finite element analysis
-----------------------

Finite element analysis suggested that noninvasive plate electrodes preferentially concentrate the electric field into adipose tissue, whereas needle electrodes provide the same electric field indiscriminately to each tissue they penetrate. In addition, the field generated by plate electrodes is more uniform compared with needle electrodes. These results are consistent with previous calculations used to model EP of other tissue types such as skin, muscle or liver.^[@bib35],\ [@bib36],\ [@bib37]^

The finite element model assumed constant electrical conductivity for each tissue type. Recent evidence suggests that conductivity is in fact a function of electric field strength, and therefore changes dynamically during EP.^[@bib38]^ However, these dynamic models have only been validated in skin, muscle and tumor tissue, and hence we chose to use constant conductivity to avoid making any assumptions that incorrectly modify the electric field distribution within adipose. Furthermore, we wanted to avoid overestimating the insulating capacity of adipose tissue, and hence we created a model with a very thin adipose layer directly below the bottom edge of the electrodes, permitting current flow through underlying muscle. In reality, the underlying fat is likely much thicker even with the electrodes firmly in place. Therefore, the results of our simulations can be considered a 'worst case' scenario, and *in vivo* validation of a dynamic conductivity model in adipose should improve the accuracy our predictions. We believe that an optimized prototype based on noninvasive electrodes could easily be applied clinically and that the data generated in this finite element analysis could be extrapolated to the variable adipose thicknesses found in humans.

Dye injections and gene expression
----------------------------------

Although dye studies suggested that some injectate is in contact with the dermis, no gene expression was observed outside of the fat pad (not shown). This observation is consistent with the finite element analysis that suggests that electric fields of sufficient strength that cause transfection are almost exclusively generated in the adipose tissue. When multiple injections were performed, some sites were more prominent than others, and this may be because of nearby injection sites merging when they are squeezed between the plate electrodes. The strongest dye staining occurred along the collagen septa dividing adipose lobes and, indeed, many transfected adipocytes were clustered around these septa. We hypothesize that both the electric current and the DNA solution primarily travel via these collagenous septa, and adipose transfection occurs when DNA solution escapes these channels and comes into contact with nearby adipocytes before EP. A more refined computer model that includes these low-resistance collagen septa will allow our future simulations to more accurately predict electric field distribution within the tissue, and may help explain the clusters of transfected adipocytes observed. Future studies are underway to improve the distribution of fluid with the adipocyte tissues.

On a cellular level, the treatments appeared highly selective for adipocytes, because despite the numerous other cell types occupying space between adipocytes, GFP was only observed around adipocytes. This is likely because of the propensity of EP to preferentially transfect larger cells at lower field strengths. Adipocytes are globular cells with very large diameter (50--100 μm), and hence their shape and diameter make them more susceptible to EP than other, smaller cell types.^[@bib39]^ A more thorough investigation into direct transfection of nonadipocytes in fat would have to be carried out to definitively demonstrate selectivity, however.

Gene expression kinetics
------------------------

Adipose tissue was shown to be capable of rapid and sustained gene expression after a single adipose-EP treatment. Interestingly, there were no histological signs of cellular infiltration until 3 days post treatment, even though gene expression was robust as early as 24 h after treatment. However, these kinetics may differ for a highly immunogenic antigen, rather than GFP. Previously, it was reported that small numbers of adipocytes (20--60 cells) can be selectively transfected *in vivo* by directly applying EP to surgically exposed adipose tissue using forceps electrodes with ∼0.065 cm^2^ contact surface area.^[@bib34]^ Here, a noninvasive EP technique is used to transfect large numbers of adipocytes using plate electrodes with ∼100 times the surface area.

Immunogenicity
--------------

The humoral immune response following adipose EP DNA vaccinations was shown to be dependent upon both voltage and spatial distribution of DNA, with higher voltage in particular being critical to achieve rapid, high-magnitude antibody responses. To our knowledge, this is the first demonstration that transfected adipocytes can elicit an immune response. It was surprising to see such strong voltage dependence for humoral immunogenicity, as we saw no voltage-dependent differences in gene expression. The positive impact of multiple treatment sites was anticipated, as more cells are in contact with plasmid. The authors do not believe this to be a clinical hurdle as designing a device that targets multiple sites simultaneously has been previously tested by this group for skin vaccination.^[@bib40]^

Adipose-EP was capable of producing equivalent cellular immune responses to ID-EP, and though the differences between groups were not significant because of low replicates and high variability, the spot counts trended lower for those guinea pigs receiving the lowest voltage and only one treatment site. These findings appear to support the dependence of adipose-EP immunogenicity upon both EP voltage and DNA distribution, and they suggest that electroporation parameters and DNA distribution within tissue are important factors that can independently be tuned to improve immune responses.

The explanation for the voltage dependence of the antibody response has two key factors. First, higher voltages produce a larger, stronger electric field, and hence more cells can potentially be transfected. Transfection efficiency and immune responses have been shown to be voltage dependent in other tissues such as skin and muscle.^[@bib35],\ [@bib36],\ [@bib41]^ However, the results of our optimization studies indicated that ample transfection was occurring even at low voltages, and hence this is unlikely to be the only explanation. The second explanation for the voltage-dependent antibody response is that higher voltages require higher electric current that can cause tissue damage or irritation because of resistive heating, and it has previously been suggested that electrical energy from EP has an adjuvant effect.^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^ Therefore, it is possible that the cellular infiltration observed is linked to the mild thermal damage caused by EP, and plays a role in the increased immune response at high voltages. It should be noted that although 200 V is similar to the voltages used in IM DNA EP vaccinations, the current never exceeded 1 A that is also similar to IM-EP. Therefore, a similar amount of electrical energy is spread over a larger surface area (6.25 cm^2^) compared with a typical IM-EP setup using two 19 mm, 22-gauge needles spaced 10 mm apart (0.88 cm^2^), and hence the energy density at the electrode surface should be approximately sevenfold lower in the adipose DNA EP treatment compared with IM-EP. ID-EP devices have highly variable electrode configurations, but a general case using 3 mm, 26-gauge needles spaced 5 mm apart at 100 V would still generate nearly sixfold higher energy densities than adipose-EP, even though they operate at lower voltages and currents because of the closely spaced needles.

The mild positive effect upon immunogenicity because of increasing number of DNA injection sites can likely be explained by the increased number of cells in contact with DNA before EP. We demonstrated that there is no detectable benefit to gene expression by increasing injection volume at a single site beyond 50 μl (data not shown), and hence we chose to distribute the same dose of DNA over 5 different sites, each receiving 50 μl injections. The fact that multi-site treatments may provide an immunogenicity benefit compared with single-site, same-dose treatment, particularly at early time points, provides evidence that adipose EP DNA vaccination can directly benefit by exposing more adipocytes to DNA.

Taken together, our results suggest that the immune response can be amplified by involving more adipocytes and providing optimal electroporation parameters. Moving forward, it will be important to characterize how these two factors interact in order to establish a standard treatment protocol. In addition, other factors such as pulse duration, number of pulses, interpulse delay and DNA concentration may all contribute to the immune response and merit further investigation. Finally, the treatments were performed with standard plate electrodes. For future investigation of adipose-EP, it would be beneficial to develop a device that more efficiently focuses the electric field into adipose for a variety of patient body types.

Materials and methods
=====================

Animals
-------

All animal studies were performed under protocols approved by an institutional animal care and use committee. Female Hartley guinea pigs ∼16 weeks old were used for all *in vivo* studies. Treatments and blood collections were performed while animals were maintained under general anesthesia by inhaled isoflurane. Subcutaneous injections were performed into the interscapular subcutaneous fat pads (located at the scruff of the neck) using a 29-gauge insulin needle oriented parallel to the spine. For terminal studies, guinea pigs were first placed under general anesthesia and then humanely killed by intracardiac injection of pentobarbital.

Finite element analysis
-----------------------

To simulate different EP modalities, two tissue models were created as 3D CAD assemblies in SolidWorks 2013 (SolidWorks Corp, Concord, MA, USA). Both models consisted of three electrically isotropic layers: skin (1 mm thick), adipose (5 mm thick) and muscle (\>10 mm thick). The stratum corneum was not included in these models because voltages as low as 50 V will permeabilize the stratum corneum within microseconds, and its contribution to total tissue resistance then becomes negligible.^[@bib46],\ [@bib47]^ Furthermore, the thickness of the stratum corneum is on the order of 20 μm, and very thin layers can cause artifacts in finite element analysis. To model tissue clamped between plate electrodes, two square plate electrode geometries with rounded edges and contact area measuring 4 cm^2^ were placed on opposite sides of a tissue fold comprising two skin layers, two adipose layers and a small 1 mm muscle layer separating a portion of the two adipose layers ([Figure 1a](#fig1){ref-type="fig"}). To model penetrating needle electrodes, two 22-gauge needle geometries were placed into the flat tissue geometry with an interelectrode spacing of 10 mm and a penetration depth of 18 mm ([Figure 1b](#fig1){ref-type="fig"}).

The two tissue-electrode assemblies were exported to ANSYS Maxwell 2015.2 (ANSYS Software, Canonsburg, PA, USA) for finite element analysis. Electrical conductivity values for each tissue type were based on literature values,^[@bib48]^ and were assumed to be constant. Conductivity values and general tissue dimensions used in the models are listed in [Table 1](#tbl1){ref-type="table"}. A built-in adaptive meshing algorithm was used to generate the mesh used for analysis. An excitation voltage was assigned to one electrode, whereas the opposing electrode was assigned a voltage of zero, and cross-sections bisecting the electrodes in the *x*--*y* analysis plane were created to visualize the electric field distribution.

Plasmids
--------

Gene expression studies utilized plasmid DNA encoding GFP. Immune studies were carried out using plasmid DNA encoding full-length nucleoprotein from Influenza A (H1N1, A/Puerto Rico/ 8). All plasmid formulations were prepared in saline sodium citrate buffer for a final buffer concentration of 1 ×.

Dye injection studies
---------------------

Methylene blue (Sigma-Aldrich, St Louis, MO, USA) was dissolved in deionized water at a concentration of 0.5 mg ml^−1^. For single-site injections, guinea pigs were injected subcutaneously with 100 μl of methylene blue solution. For multi-site injections, five separate 50 μl subcutaneous injections were performed, spaced ∼5 mm apart. Following injection, the entire fat pad was gripped tightly between two plate electrodes to simulate the full treatment protocol. Animals were immediately killed and the fat pads were imaged intact, and then dissected along the sagittal plane and imaged again to visualize dye distribution within the tissue.

General adipose-EP treatment procedure
--------------------------------------

Treatment sites were shaved and cleaned. Adipose-EP treatments were performed on the subcutaneous fat pad in the interscapular region, whereas skin treatments were performed on the flank. Immediately following DNA injection, two plate electrodes attached to opposing caliper jaws were coated with conductive gel and then used to pinch the tissue surrounding the injection site, and pulses were administered using the Elgen 1000 control unit (Inovio Pharmaceuticals, San Diego, CA, USA). For ID-EP treatments, DNA was injected intradermally followed immediately by electroporation using the surface electroporation device consisting of a 4 × 4 array of needle electrodes.^[@bib15]^

Gross imaging and histological analysis
---------------------------------------

Following adipose-EP using GFP plasmid, intact fat pads were harvested at predetermined time points and imaged using a FluorChem R imaging system (ProteinSimple, San Jose, CA, USA). Then, fat pads were frozen, and samples measuring ∼10 mm × 10 mm were cut from the transfected region of the fat pad and cryosectioned at a thickness of 30 μm either along the transverse plane to view the depth of transfection or along the coronal plane to view the horizontal distribution of transfected cells. Some sections were fixed in 4% formalin, cleared in xylene, stained with either 4\',6-diamidino-2-phenylindole or Hoechst 3342 (Life Technologies, Carlsbad, CA, USA), and coverslipped using Fluoromount (eBioscience, San Diego, CA, USA). Other sections were fixed in formalin, cleared in xylene, stained with hematoxylin and eosin and coverslipped using Permount (VWR, Radnor, PA, USA). Sections that were hematoxylin and eosin stained were imaged in brightfield using an Olympus BX51 microscope (Olympus, Center Valley, PA, USA) equipped with a MicroPublisher 3.3 camera (QImaging, Surrey, BC, Canada). Fluorescence images were captured with a Retiga 3000 camera (QImaging). Confocal images were acquired as high-resolution, multi-paneled and auto-stitched *z*-stacks of the whole tissue using a Zeiss LSM 780 laser scanning confocal microscope (Carl Zeiss, Jena, Germany) and the images were further processed using Zen 2012 (Carl Zeiss) and IMARIS software (Bitplane, Belfast, UK).

GFP expression and cellular kinetics
------------------------------------

Adipose-EP was performed on 14 guinea pigs, using 100 μg of a plasmid coding for GFP and EP parameters of 200 V, 3 pulses, 100 ms duration and 100 ms interpulse delay. As controls, two guinea pigs were treated with EP but did not receive plasmid injection, whereas two additional guinea pigs received the plasmid injection but were not treated with EP. Controls were killed 3 days following treatments, and treated guinea pigs were killed at intervals (*n*=2) following the treatment, ranging from 3 h to 14 days post treatment, as well as a long-term follow-up at day 60. Fat pads were imaged intact for GFP expression and then sectioned and stained with hematoxylin and eosin to visualize signs of cellular infiltration at the treatment site.

Immunogenicity study
--------------------

Guinea pigs were treated with 25 μg of nucleoprotein plasmid. Four groups of guinea pigs (*n*=4) received adipose EP treatments as described above, and each group received either a single 100 μl DNA injection or five separate 50 μl injections. Plasmid injection was immediately followed by a single EP treatment consisting of three 100 ms square wave pulses, 200 ms interpulse delay and voltage of either 50 or 200 V. Guinea pigs vaccinated via ID-EP with the surface electroporation device (*n*=3) served as a comparator group for this study as this method has been previously shown to transfect epidermal cells but not subcutaneous adipocytes.^[@bib15]^ The four adipose-EP groups were as follows: HV-1, HV-5, LV-1 and LV-5. For guinea pigs receiving 5 injections, a single EP procedure was performed immediately following the final injection. The total dose of plasmid DNA was identical for all groups. The study design is illustrated in [Table 2](#tbl2){ref-type="table"}.

Every 3 weeks for the duration of the study, 300 μl of blood was collected and serum was stored at −20 °C until analysis. Immunizations were administered at weeks 0, 3, 6 and 21. At 18 days following the final immunization, 3 ml of blood was collected and peripheral blood mononuclear cells were separated for ELISpot analysis.

ELISA
-----

Serum from vaccinated guinea pigs was analyzed using ELISA. ELISAs were performed using 96-well plates (Thermo Fisher Scientific, Waltham, MA, USA) coated overnight with 100 μl per well of 0.3 μg ml^−1^ nucleoprotein antigen (Sino Biological, Beijing, China) in Dulbecco's phosphate-buffered saline (VWR). Plates were washed, blocked with phosphate-buffered saline containing 3% bovine serum albumin (Sigma-Aldrich) and 0.05% Tween-20 (Sigma-Aldrich) at 150 μl per well for 1 h at 37 °C, and then washed again. Serum was serially diluted from 1:50 to 1:2 952 450 in phosphate-buffered saline containing 1% bovine serum albumin and 0.05% Tween-20 (sample dilution buffer) at 100 μl per well and incubated for 2 h at 37 °C. Plates were then washed, and horseradish peroxidase-conjugated goat anti-guinea pig IgG (Sigma-Aldrich, catalog no. A7289) was diluted 1:10 000 with sample dilution buffer and added to each well at 100 μl per well for 1 h at 37 °C. Plates were washed and tetramethylbenzidine substrate solution (VWR) was added to each well at 100 μl per well and the color development was stopped with tetramethylbenzidine stop reagent solution (VWR) after 6 min. Absorbance values at 450 nm in each well were measured using a SpectraMax PLUS 384 plate reader (Molecular Devices, Sunnyvale, CA, USA), and the cutoff for a positive titer was calculated using the method described by Frey *et al.*,^[@bib49]^ in which the mean absorbance and s.d. of the negative controls---in this case, the prebleed samples---were used to calculate cutoff absorbance values. End point titers were used for all ELISA results presented.

ELISpot
-------

At 18 days following the final immunization, 3 ml peripheral blood was drawn and collected in EDTA tubes to perform interferon-γ ELISpot, using methods previously developed in-house. The blood was diluted 1:1 with Hanks' balanced salt solution and centrifuged over Ficoll-Paque Plus (GE Healthcare Biosciences, Pittsburgh, PA, USA). The buffy coat was harvested and resuspended at a concentration of 1 × 10^6^ live cells per ml in R10 medium, and plated at a density of 1 × 10^5^ cells per well on 96-well Millipore IP plates (MilliporeSigma, Burlington, MA, USA) that had been coated overnight with 5 μg ml^−1^ mouse monoclonal anti-guinea pig interferon-γ antibody (V-E4, a gift from Hubert Schäfer, Berlin, Germany) and blocked with 1 × phosphate-buffered saline containing 10% (w/v) sucrose and 2% (w/v) bovine serum albumin. In triplicate, peripheral blood mononuclear cells were incubated for 18 h with either Concanavalin A or one of three different nucleoprotein antigen peptide pools previously found to be immunostimulatory.^[@bib50]^ Following a wash to remove cells, 0.2 μg biotinylated mouse monoclonal anti-guinea pig interferon-γ antibody (N-G3, a gift from Hubert Schäfer) was added to each well and allowed to incubate for 2 h. Wells were then washed and 100 μl BCIP/NBT detection reagent substrate was added to each well for 15 min. Plates were imaged using a CTL-Immunospot S6 ELISpot plate reader (Cellular Technology Limited, Cleveland, OH, USA), and CTL-Immunospot software (Cellular Technology Limited) was used to process and count the spots. For each animal, spot counts were normalized by subtracting the counts of unstimulated cells.

Statistical methods
-------------------

All animal studies were performed once and the number of biological replicates per group were based on availability, and studies were not designed to detect a prespecified effect size as this work is exploratory in nature. For immunogenicity studies, all guinea pigs were born and received on the same date, and cage mates received the same treatments. The investigators were not blinded during these studies. Because of the small sample sizes in the immune study (*n*=3 or *n*=4), tests of normality are uninformative and parametric statistical tests were performed on log-transformed ELISA and ELISpot data.

To compare ELISA titer data of adipose-EP-treated groups, factorial ANOVA was performed, using EP voltage, number of injection sites and study week as factors. For grouped comparison between adipose-EP at different voltages and ID-EP, two-way factorial ANOVA was performed with treatment group and study week as factors. For specific comparisons of ELISA titer data between all treatments, data were stratified by study week and then one-way ANOVA was performed, and multiple comparisons were made using Tukey's *post hoc* testing when the F-test was significant. Because this simple main effect analysis at each time point was meant to generate hypotheses for future testing, we sought to minimize type II error and did not correct for multiple comparisons because of the repeated Tukey's tests across multiple time points.

ELISpot data were analyzed first within adipose-EP-treated groups using factorial ANOVA, with EP voltage and number of treatment sites as factors. One-way ANOVA was performed to compare ELISA data for all treatment groups, including ID-EP. The cutoff for significance was defined as *P*\<0.05, and all observations of nonsignificant trends and differences were accompanied by *P*-values. All plots of ELISA and ELISpot data are expressed as geometric mean±s.e.

Conclusions
===========

The work here demonstrates that an adipose-targeted DNA vaccine is immunogenic following optimization of DNA delivery and electroporation parameters. This approach provides rapid and sustained immune responses, and does not require invasive needle electrodes. At a fixed dose of DNA, the magnitude and onset of the immune response both improve with electroporation voltage and increasing number of injection sites. Adipose-targeted EP DNA vaccination offers potential safety, tolerability and ease-of-use advantages over IM administration and does not suffer from the dosage or cell turnover limitations of ID treatments. As such, the authors believe that this platform warrants further investigation.

PDF, CJB, JRM, JMM, JO, BSY, KS, TRFS and KEB are employees of Inovio Pharmaceuticals, and own shares or stock options in the company. The other authors declare no conflict of interest.

![Three-dimensional (3D) computer models of tissue--electrode assemblies. (**a**) Noninvasive EP, with tissue folded between two plate electrodes. Distance between electrodes is 12 mm and electrode plate faces measure 20 mm × 20 mm. (**b**) Invasive EP using parallel needle electrodes inserted directly into tissue. Needles were 22-gauge with an insertion depth of 18 mm and a 10 mm inter-electrode gap. In both models, tissue is composed of three layers: 1 mm skin, 5 mm adipose and underlying muscle.](gt201796f1){#fig1}

![Simulated electric field distribution within different tissue types for needle (top) and plate (bottom) electrode configurations using a 200 V excitation voltage for each case. The histograms (from left to right: adipose, muscle, skin) quantify the electric field distribution within each tissue type for electric fields above 50 V cm^−1^. The images on the right show spatial electric field distributions for each configuration, with outlines and labels for skin (S), adipose (A) and muscle (M). Scale bar is 10 mm.](gt201796f2){#fig2}

![Dye injection into guinea pig subcutaneous fat pad. (**a**) Intact fat pad after a single, 100 μl injection. (**b**) Single site injection sectioned along sagittal plane to show fluid distribution within tissue. (**c**) Intact fat pad after five 50 μl injections. Arrows indicate injection sites.](gt201796f3){#fig3}

![Adipose-EP procedure, showing (**a**) shaved interscapular region before application of electrodes, (**b**) the treatment site gripped between two noninvasive plate electrodes and (**c**) a back view of the gripped treatment site.](gt201796f4){#fig4}

![(**a**--**e**) GFP reporter construct expression (green) distribution throughout intact guinea pig fat pads following noninvasive adipose-EP ranging from 50 V (**b**) to 200 V (**e**) with dorsal surface visible. (**f**, **g**) Histological comparison of fluorescent signal at treatment site for guinea pigs receiving plasmid DNA injection without EP (**f**) or with 200 V adipose-EP (**g**). Markers indicate collagen septa (\*), GFP-expressing adipocytes (arrowheads) and regions of high autofluorescence (arrow). Scale bars are 10 mm (**a**--**e**) or 100 μm (**f**, **g**).](gt201796f5){#fig5}

![(Left) An intact guinea fat pad was extracted 3 days following adipose-EP at 200 V, showing localized GFP expression at the EP site with the dorsal surface visible. This tissue was used for further histological analysis, and the dotted line indicates the sectioning plane. (Right) A histological section from the same sample, cut 100 μm thick in the transverse plane, with the membrane at the outer dorsal surface indicated (M). GFP (green) is overlaid with brightfield color image of unstained tissue. Scale bars are 10 mm (left) and 1 mm (right).](gt201796f6){#fig6}

![Confocal image showing GFP expression (green) and nuclei (blue) in a single focal plane (middle column) and two different three-dimensional (3D) perspectives (right two columns).](gt201796f7){#fig7}

![Gene expression kinetics and histological changes following adipose-EP at 200 V. Scale bars for GFP expression (top) are 10 mm, and scale bars for hematoxylin and eosin (H&E)-stained sections (bottom) are 200 μm.](gt201796f8){#fig8}

![Guinea pig antibody response to adipose-EP and ID-EP vaccination with plasmid DNA encoding influenza A nucleoprotein (PR8) antigen. Guinea pigs were vaccinated at weeks 0, 3, 6 and 21 with 25 μg plasmid. (**a**) Humoral immunogenicity kinetics of different adipose-EP treatment methods in guinea pigs, with ID-EP (skin) for comparison (*n*=4). (**b**) The same immunogenicity data, grouped by EP voltage (*n*=8 for adipose HV and adipose LV, *n*=4 for skin). (**c**) Titers of individual animals, separated by treatment group, with line types indicating different biological replicates. Data are geometric mean titer±s.e. (**a**, **b**) or individual end point titer (**c**). Adipose-EP treatment parameters are abbreviated as HV=high voltage (200 V) and LV=low voltage (50 V), and for (**a**), the number of DNA injection sites is indicated by a number (1 or 5).](gt201796f9){#fig9}

![Guinea pig T-cell immune response to adipose-EP and ID-EP vaccination with plasmid DNA encoding influenza A nucleoprotein (PR8) antigen. Guinea pigs were vaccinated at weeks 0, 3, 6 and 21 with 25 μg plasmid, and ELISpot was performed 18 days following final immunization. Results are shown for peptide pool 1. Treatments groups are divided by EP site (skin or adipose), and adipose-EP treatments are further divided by voltage (HV=200 V, LV=50 V) and number of plasmid injection sites (1 or 5). Data are geometric mean±s.e.](gt201796f10){#fig10}

###### Finite element analysis model parameters and tissue model layer thicknesses used in simulations

  *Material*        *Conductivity, S m*^*−1*^   *Thickness, mm*
  ----------------- --------------------------- -----------------
  Skin              0.25                        1
  Adipose           0.05                        5
  Muscle            0.3                         \>10
  Stainless steel   1.1x10^6^                   NA

Abbreviation: NA, not available.

###### Immunology study design for EP DNA vaccination of adipose tissue

  *Group*   n   *Treatment site*   *Injections*   *Voltage, V*   *Total volume, μl*   *Total DNA dose, μg*
  --------- --- ------------------ -------------- -------------- -------------------- ----------------------
  HV-1      4   Adipose            1              200            100                  25
  LV-1      4   Adipose            1              50             100                  25
  LV-5      4   Adipose            5              50             250                  25
  HV-5      4   Adipose            5              200            250                  25
  ID-EP     3   Skin               1              25             50                   25

Abbreviations: EP, electroporation; HV-1, high-voltage EP with 1 injection site; HV-5, high voltage EP with 5 injection sites; ID-EP, intradermal EP; LV-1, low-voltage EP with 1 injection site; LV-5, low-voltage EP with 5 injection sites.

All EP treatments were performed using 3 pulses with 100 ms duration and 200 ms interpulse delay. Adipose-EP was performed with caliper-type electrodes, and ID-EP was performed with a specialized needle array designed to target skin.
